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Abstract. This paper evaluates the performance of a multiro-
tor uncrewed aircraft and AirCore system (UAAS) for mea-
suring vertical profiles of wind velocity (speed and direction)
and the mole fractions of methane (CH4) and carbon dioxide
(CO»), and it presents a use case that combines UAAS mea-
surements and dispersion modeling to quantify CH4 emis-
sions from a dairy farm. To evaluate the atmospheric sensing
performance of the UAAS, four field deployments were per-
formed at three locations in the San Joaquin Valley of Cali-
fornia where CH4 hotspots were observed downwind of dairy
farms. A comparison of the observations collected on board
the UAAS and an 11 m meteorological tower show that the
UAAS can measure wind velocity trends with a root mean
squared error varying between 0.4 and 1.1 ms~! when the
wind magnitude is less than 3.5ms~!. Findings from UAAS
flight deployments and a calibration experiment also show
that the UAAS can reliably resolve temporal variations in the
mole fractions of CHs and CO, occurring over periods of
10s or longer. Results from the UAAS and dispersion mod-
eling use case further demonstrate that UAASs have great
potential as low-cost tools for detecting and quantifying CHy4
emissions in near real time.

1 Introduction

Methane (CHy) is a potent greenhouse gas responsible for a
quarter of anthropogenic radiative forcing. Increases in agri-
culture, oil and gas, and waste management activities have

contributed to the increase in atmospheric CHy levels and re-
sultant climate warming (Duren et al., 2019). Due to its rel-
atively short atmospheric lifetime of 10-12 years and high
global warming potential of 84 on a 20-year time frame
(Myhre et al., 2013), CHy is an important target for climate
mitigation. The Global Methane Pledge of 2021 (IEA, 2022)
calls for reductions in CHy emissions, which will in turn
require new measurements of baseline emissions and veri-
fication of CHy mitigation actions. The abatement of human-
driven CH4 emissions will take place at individual facilities
where local CHy hotspots have been observed and emissions
can be quantified, requiring further measurements to verify
the success of mitigation actions.

CHy emission estimates for individual facilities have been
made through observations of wind velocity and CHy en-
hancements by mobile vehicle-mounted sensors, which pro-
vide the opportunity to survey a large number of facilities
in urban or agricultural settings (Moore et al., 2022; Amini
et al., 2022; Arndt et al., 2018). Facility-level measurements
are particularly needed for dairy farms, which can have a
large contribution to CH4 budgets from wet manure man-
agement and enteric fermentation emissions and are impor-
tant for CH4 mitigation plans in California (Marklein et al.,
2021). Facilities with large emissions can be identified by at-
mospheric CHy enhancements adjacent to or downwind of
the source observed from the ground (Hopkins et al., 2016),
and then those enhancements can be converted to emission
estimates with the addition of local winds. However, vehicle-
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based studies have been limited by the requirements of site
or public road access and often cannot detect emissions from
elevated infrastructure such as chimneys and flare stacks. De-
pending on the distance of the road from the source, the CHy4
plume may be lofted high above the mast of an on-road plat-
form, particularly during daytime sampling when the plane-
tary boundary layer height extends on the order of hundreds
of meters above the surface.

While airborne platforms do not require road accessibil-
ity and are able to provide vertical profiles of CHy, airborne
mass balance techniques are limited to isolated facilities in
open areas (Hajny et al., 2019; Karion et al., 2013; Kobayashi
et al., 2016) and are costly, which limits the potential for re-
peated sampling to study time-varying emissions. Plume ob-
servations made by small uncrewed aircraft systems (sUASs)
combine the flexibility of on-road measurements with the
vertical profiling capabilities of aircraft. Particularly when
used together with on-road sampling to identify hotspot lo-
cations, the sUAS is a promising technology for facility-level
methane emission estimation. Compared to lightly crewed
aircraft and sensor towers, SUASs are low-cost, are portable,
and can safely maneuver near emission sources at low alti-
tudes in urban and rural environments. Such characteristics
of sUASs are promising for improving the detection of CHy4
and CO; at sub-1km scales. Higher-resolution observations
of CH4 and CO» can in turn provide more reliable estimates
of anthropogenic emission sources that are difficult or infea-
sible to measure directly as well as detect small plumes that
are not resolved by existing remote sensing technologies.

Numerous studies have already explored the integration of
low-cost sensors on board sUASs for measuring greenhouse
gases. Small onboard sensors (Berman et al., 2012; Golston
et al., 2017; Khan et al., 2012; Graf et al., 2018) have suc-
cessfully been used to measure multiple gas species, includ-
ing CHs and CO,. However, low-cost CHy sensors are in the
early stages of development and do not meet the parts per
million (ppm) or sub-ppm sensitivity required for environ-
mental monitoring (Honeycutt et al., 2019).

Alternate atmospheric sampling methods have combined
the capabilities of multirotor SUASs and higher-precision
instruments to obtain more reliable measurements of local
greenhouse gas levels. For example, multiple studies have
used bag samplers for collecting lower-atmosphere air sam-
ples on board multirotor sUASs (Yuan et al., 2021; Nisbet et
al., 2020; Shaw et al., 2021). Using this approach, an air vol-
ume is captured on board the SUAS and then transported to
a location where it can be analyzed using a higher-precision
instrument, rendering a single-point measurement for each
sampling location. Other studies have aimed to obtain direct
measurements of air composition using a sUAS to tow the
inlet of a high-precision instrument (Brosy et al., 2017). Al-
though this method can increase the spatiotemporal resolu-
tion of measurements, the length and weight of the inlet can
limit air sampling operations to a small domain. Therefore,
the development of unconstrained air sampling methods that
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can attain higher spatial and temporal resolution is necessary
for accurate characterization of greenhouse gas emissions.

More practical and effective techniques for combining
multirotor sUASs and high-precision air sampling instru-
ments may be possible with AirCore technology. To date,
passive and active AirCore systems have been developed and
deployed on board aircraft (Tadi¢ and Biraud, 2018; Karion
et al., 2010), weather balloons (Tu et al., 2020; Sha et al.,
2020; Li et al., 2023), and sUASs (Andersen et al., 2018;
Vinkovic et al., 2022). Passive AirCore systems rely on in-
creases in ambient pressure for passive measurements of the
atmosphere (Karion et al., 2010). Alternatively, active Air-
Core systems rely on a micropump and an orifice system to
sample air both ascending and descending, as well as mov-
ing laterally, which provides an alternate method for increas-
ing the spatial resolution of atmospheric measurements in
the lower atmosphere. However, no study so far has explored
the integration of multirotor sUASs and AirCore systems for
measuring the vertical profiles of wind velocity (i.e., wind
speed and wind direction) and air composition simultane-
ously.

Here, we evaluate the performance of a multirotor un-
crewed aircraft and AirCore system (UAAS) for measur-
ing vertical profiles of the atmospheric wind velocity and
the mole fractions of CH4 and CO,. The UAAS was de-
signed to measure the mole fractions of CH4 and CO; in the
lower 120 m of the atmosphere. The motion kinematics of the
UAAS were also used to infer the wind speed and wind di-
rection while steadily ascending and descending. The UAAS
was deployed along with an on-road mobile platform to mea-
sure the mole fractions of CH4 and CO, downwind of dairy
farm operations. Finally, the vertical profiles of wind velocity
and the mole fractions of CH4 and CO, were combined with
a dispersion model to detect and quantify methane emissions
from a dairy farm operation. The findings from field deploy-
ments and dispersion modeling are used to assess the effec-
tiveness of the UAAS as a low-cost solution for detecting and
quantifying greenhouse gas emission sources.

2 Methods and materials
2.1 Field operations

Four UAAS operations were performed from 20 to 24 Jan-
uary 2020 in the San Joaquin Valley of California to mea-
sure CHy and CO, downwind of dairy farm operations (see
Table 1). CHy and CO; surveys were first conducted down-
wind of dairy farm facilities before each deployment (see
Fig. 1a) by sampling through the inlet of a Picarro G1301
cavity ring-down spectrometer (CRDS). The CRDS inlet was
placed through the side window of a van driving at a speed
of approximately 9ms~!. The four UAAS deployments were
performed at three locations where hotspots of CH4 or CO»
from dairy farms were detected (see Fig. 1a). Before each de-
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ployment, an ignited lighter was placed in front of the UAAS
inlet to mark the starting point of the measurement interval.
During each deployment, the UAAS profiled the wind ve-
locity and the mole fractions of CHy and CO; steadily as-
cending up to a height of 120 m above ground level (a.g.l.)
and steadily descending along the same path (see Fig. 1b).
The mean speed of ascent and descent flight operations was
approximately 0.5 ms~!. The air sample collected on board
the UAAS was analyzed within a 5 min period upon landing,
also using the CRDS that was employed to conduct mobile
surveys. The wind velocity profiles were estimated offline
using the flight data collected on board the UAAS autopilot
and a kinematic vehicle motion model (Gonzilez-Rocha et
al., 2019).

2.2 Ground-based meteorological and gas analyzer
instruments

2.2.1 Meteorological evaluation tower

Observations from an 11 m meteorological evaluation tower
(MET) were used to assess the performance of the UAAS
in measuring wind velocity trends in the lower atmosphere.
The MET was located within a radius of 8.3km from all
three UAAS operations. The surface topography between the
MET and the locations of the three UAAS operations was
relatively flat. As shown in Fig. 2a and b, two Campbell Sci-
entific CSAT3 sonic anemometers were installed on top of
the MET at heights of 3m and 11 ma.g.l. A CR3000 data
logger was used to collect and process 1s and 5 min sonic
anemometer measurements. The sonic anemometers and data
loggers were both powered using a 12 V marine deep-cycle
battery.

2.2.2 Gas analyzer

The gas analyzer used during field experiments is the Picarro
G1301 CRDS shown in Fig. 2c. The instrument measures
gas-phase CHy, CO», and water vapor with a varying sam-
pling rate ranging between 0.3 and 1 Hz. During field sur-
veys, the gas analyzer was housed inside a passenger van,
and electrical power was supplied to the instrument using a
standalone 12 V marine deep-cycle battery with a pure sine
inverter. The instrument’s precision, flow rate, and pressure
while conducting CHy surveys were measured to be 10 ppb,
0.7 Lmin~!, and 4.5 mbar, respectively.

2.3 Multirotor sUASs

The multirotor aircraft that was used to tow the AirCore sys-
tem is a commercially available hexacopter Matrice 600 Pro
(SZ DJI Technology Co., Ltd., China). The Matrice 600 Pro
airframe measures 1668 mm x 1518 mm x 727 mm and has
a maximum take-off payload capacity of 6 kg. The AirCore
system was attached to the bottom of the multirotor airframe
using a 5 m long stainless-steel cable (see Fig. 1b). Fully in-
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tegrated, the UAAS has a maximum flight time of 13 min.
The flight telemetry record is automatically logged on board
the autopilot of the UAAS. The control and retrieval of flight
records were conducted using the DJI GO app (SZ DIJI Tech-
nology Co., Ltd., China).

2.4 AirCore system
2.4.1 Hardware description

The AirCore system consists of perfluoroalkoxy (PFA)
coiled tubing that is approximately 60 m long. The coiled
tubing has an outer diameter of 12.7 mm, has an inner diame-
ter of 9.53 mm, and can hold up to 4.3 L of air. The inlet of the
AirCore system is left open to collect ambient air. The outlet
of the AirCore system is connected to a Karlsson Robotics
D2028 micro diaphragm pump that weighs approximately
0.3kg and has a vacuum range between 0 and 406 mm Hg.
Airflow through the AirCore system was held constant at ap-
proximately 0.45 L min~! using an O’Keefe Controls no. 9
(0.02286 cm diameter) metal orifice. The metal orifice is lo-
cated 5 cm upstream of the micro-diaphragm pump as shown
in Fig. 3b. The pump and a 12V lithium-ion battery pack
were placed in a plastic enclosure that was positioned in the
open area at the center of the AirCore coil. The activation
of the AirCore was achieved using a remote relay connected
to the pump’s power cables. Fully assembled, the AirCore
system weighs roughly 5 kg.

2.4.2 AirCore characterization experiments

Laboratory tests were conducted to evaluate the performance
of the AirCore system for resolving variations in the mole
fractions of CHy. We first generated a CH4 mixture by dilut-
ing a CH4 standard of 500 ppm inside of a Teflon bag with
room air. The Teflon bag was then connected to a three-way
valve as shown in Fig. 3a. The three-way valve of the cal-
ibration apparatus was controlled to switch between the in-
take of the CH4 mixture and the ambient air. The AirCore
system and the CRDS used in field experiments were con-
nected using a tee junction to pull air simultaneously from
the Teflon bag. During the calibration experiment, spikes of
CHy4 were generated for periods of 5 and 10 s to simulate the
AirCore system passing through a CH4 plume (see Fig. 3b).
The CRDS provided real-time and continuous measurements
of CH4 while the valve was opened and closed and was used
to analyze the air sample collected inside the AirCore sys-
tem.

2.5 Multirotor sUAS wind velocity sensing
2.5.1 Wind estimation method

Wind velocity profiles were estimated using a kinematic
model of the UAAS and measurements of attitude and head-
ing that were collected while steadily ascending and descend-
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Table 1. Summary of UAAS flight operations conducted in the San Joaquin Valley of California.

Location Source
no. Date Local time Latitude Longitude distance
1 20Jan 2020  09:54-10:06  36°29'14.28” N 119°21'11.88” W 2.3km
2 21Jan 2020 15:54-16:05 36°27'49.32" N 119°23'7.44" W 0.7km
2 21Jan 2020 16:23-16:33  36°27'49.32”" N 119°23/'7.44" W 0.7km
3 24 Jan 2020 16:38-16:48 36°28'16.68” N 119°19'52.68” W 1.3km

Google Earth

AirCore

Figure 1. (a) A satellite image from © Google Earth showing the livestock facilities surrounding the three locations where UAAS flight
operations were performed on 20, 21, and 24 January 2020. (b) A photo of UAAS operations near the surface.
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Figure 2. (a) An image of the CSAT3 anemometer installed on the
MET tower 3ma.g.l. (b) An image of the CSAT3 anemometer in-
stalled on the MET tower 11 ma.g.l. (¢) An image of the Picarro
G1301 gas analyzer that was used to measure CHy, CO,, and water
vapor gas.

ing vertically (Neumann and Bartholmai, 2015; Gonzalez-
Rocha et al., 2019b). The attitude and heading measurements
were obtained from the attitude and heading reference system
(AHRS) of the UAAS flight autopilot. The AHRS records
attitude and heading measurements with a sampling rate of
20 Hz. To develop the kinematic model based on attitude and
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Figure 3. (a) A schematic of the AirCore calibration experiment
setup. The solid lines and arrows show the gas flow when the CRDS
and AirCore sampled the CH4 mixture simultaneously. The dashed
lines and arrows show the gas flow when the CRDS pulls air from
the AirCore system. (b) A schematic showing the open and closed
needle valve position during the AirCore calibration experiment.

heading measurements, we first defined a body-fixed refer-
ence frame: Fy, = {b1, b2, b3} at the aircraft center of gravity
such that the unit vectors b and by point along the front
and lateral sides of the vehicle, respectively. The unit vector
b3 is parallel to the propeller spin axis and points along the
direction of the propulsive flow (see Fig. 4a). We also de-
fined an inertial reference frame, F; = {i1, i3, i3}, affixed to
the Earth’s surface such that the unit vectors i and i, point
in the north and east directions, respectively, and the i3 unit
vector points towards the Earth’s center. The orientation of
the body-fixed reference frame is measured relative to the in-
ertial reference frame using the roll-pitch—yaw Euler angles,
® = {¢, 0, v}. After defining the body-fixed and inertial ref-
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@ (b)

b,

AN

Bottom View

Figure 4. (a) A schematic of the sUAS body-fixed reference frame.
(b) A schematic showing how the tilt angle, «, and wind direction,
B, are computed from the orientation of the sSUAS body-fixed frame
relative to the inertial reference frame.

erence frames, two kinematic relationships were derived to
infer wind speed and wind direction separately.

Wind speed estimates were inferred from the tilt of the
aircraft that is realized in steady-ascending vertical flight to
compensate for wind disturbances. The tilt of the multirotor
sUAS was determined using the dot product rule:

a=cos ' ([R(¢,0,v) b3]-i3), 6]
where
cosfcosyr

cosfsinyr
—sinf

cosyrsinfsing — cosgsinys
sinysinfsing + cosgcosyr
cosfsing

R(¢.0.¥) =

cosyrsinfcoseg + singsiny
sinyrsinfcos¢ — singcosyr
cosfcose

@

is the rotation matrix mapping b3 from Fy, to F;. In employ-
ing this approach, we assume there is a one-to-one relation-
ship between the tilt angle o and the horizontal wind speed
(.e., o = |lu+v||o).

The wind direction was inferred from the projection of the
b3 unit vector onto the i | — i, plane shown in Fig. 4b during
a steadily ascending flight. If the aircraft heading is pointing
north, wind direction is expressed in the inertial reference
frame by computing the four-quadrant tangent inverse of the
components of the b3 unit vector projected onto the i; and i,
unit vectors:

ﬂ—tan—l([RT<¢,9,w>-b31-iz>
T \RT(9,0,9) - b31-i1 )

3

Otherwise, wind direction is expressed in the Earth-fixed ref-
erence frame by making the following correction:

B, ifg>y

B—+360, iff <y @

wind direction = {

https://doi.org/10.5194/amt-17-3883-2024

3887

2.5.2 Evaluation of multirotor sUAS wind velocity
estimates

UAAS wind velocity estimates were validated employing
two methods. First, we compared UAAS wind velocity esti-
mates to wind velocity observations collected from the 11 m
MET tower described in Sect. 2.2.1. The difference between
UAAS and MET tower wind observations was quantified us-
ing the root mean square error (RMSE) metric. Second, we
compared UAAS wind speed estimates to wind speed pro-
files obtained from the wind profile power law (WPPL) de-
scribed in Eq. (5):

Z>\"
UZ)=UZ)-|5 ) (5)
Z,
where U (z1) and U (z2) are the wind speeds at heights z;
and z;, respectively, and y is the wind shear exponent value
obtained from the MET tower at Z; =3m and Z =11 m
using Eq. (6):

_InU(z2) —InU(z1)
© Inzp—Inz

(6)

Results from the two assessments were used to characterize
the UAAS wind estimation performance.

2.6 Methane emissions estimates
2.6.1 Dairy farm description

The vertical profiles of wind velocity and CHy4 collected dur-
ing the first flight were used as inputs for a dispersion model
to quantify CHy4 emissions from a dairy farm. As shown in
Fig. 5a, the UAAS vertical profiles were measured at a lo-
cation that is 1645 m north and 802 m west from the dairy
farm, which itself is ~ 800 m wide. During the first UAAS
operation, the wind direction changed from south to north,
allowing the downwind and upwind profiles to be collected
from a single flight. The methane emission sources on this
dairy farm consist of wet manure management in five ma-
nure lagoons and enteric fermentation from 3115 milk cows
and associated support stock housed in three freestall barns
and three cattle corrals (Fig. Sb; Table 2). Surface area esti-
mates derived from Fig. 5b and estimates of the number of
animal units derived from permit data (Table 3) were used
along with the UAAS vertical profiles to evaluate the effec-
tiveness of the UAAS for estimating CH4 emissions.

2.6.2 Dispersion model

The unknown emission rate from the dairy farms can be es-
timated from atmospheric observations of CH4 through the
following relationship:

N
Ci=Y TjEj+Co+ei (7)

j=1
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Figure 5. (a) A satellite image from © Google Earth showing the
location of the first UAAS operation downwind of a dairy farm.
(b) A close-up of (a) showing the potential emission sources of CHy
within the farm.

Table 2. Dairy farm sections likely to produce CH4 emissions from
the enteric fermentation or manure management of approximately
3115 milk cows (Marklein et al., 2021).

Source  Source  Source
Source areas width length  description
Manure lagoon 149m 273 m L1

149 m 51m L2
149m 60 m L3
149m 56m L4
149m 58m L5

Manure lagoon
Manure lagoon
Manure lagoon
Manure lagoon

Freestall barn 106 m 152m FS1
Freestall barn 106 m 152m FS2
Freestall barn 213 m 494 m FS3
Freestall barn 88 m 137m FS4
Cattle corral 152 m 342m Cl
Cattle corral 119m 495 m C2
Cattle corral 119m 495 m C3
Miscellaneous 56 m 139m MC
Milk parlor 28 m 145m MP
Total source area 1732m  3049m TSA

where T;; is the transport matrix of an area source estimated
by Eq. (7) with unit emission rate on data point i. At source
j, Cp is the lowest mole fraction of CH4 measured from the
UAAS, and E is the inferred emission rate obtained by mini-
mizing the residual sum of squares ZlN 81-2 with the constraint
that their values are greater than or equal to zero. To achieve
this, we use the MATLAB function /sqnonneg described by
Lawson and Hanson (1974). The 95 % confidence intervals
for the emission rate can be determined by a bootstrapping
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method which generates a distribution of emission rates by
fitting the pseudo-observations to the model estimates.

In the numerical model, the dairy farm can be treated as an
area source, which consists of a set of line sources perpendic-
ular to the wind direction. For the contribution from each line
source to the receptor, we use an analytical approximation to
the integral along the source (Venkatram and Horst, 2006),
which gives the concentration as

C(x,y,z2) =qlerf(t)) —erf ()] F; (x,2), 8
where

y—=Ji
== 9
t Voor &)

and ¢ is the line source emission rate per unit length; x is the
downwind distance of the receptor from the source; y — y; is
the distance of the receptor from two end points of the line
along the direction parallel to the source; oy is the horizontal
plume spread; erf is the error function; and F; (x,z) is the
vertical distribution function, which is applied the numerical
solution of the mass conservation equation (Venkatram and
Schulte, 2018).

U()ac—a K()ac (10)
Yoax T\ Yoz )

where C denotes the crosswind-integrated concentration C”
for convenience, K (z) is the vertical eddy diffusivity, and
U (z) is the horizontal velocity. The boundary conditions are

aC aC
K(iz—=0at z=zpand— =0 at z=H,
0z 0z

where z¢ is the roughness length, which is computed to be
0.005m (Qian et al., 2010), and H is the boundary layer
height. The numerical method initializes a Gaussian concen-
tration distribution at x = 0, which is centered at a source
height of z; = 0.1 m and with an initial vertical spread o; =
0.1 m. Van Ulden (1978) shows that the analytical solution
of Eq. (8) provides an excellent description of concentra-
tions measured during Project Prairie Grass (Barad, 1958).
Venkatram and Schulte (2018) evaluates the usefulness of
the analytical formulas through the numerical solution using
the Businger—Dyer expressions for eddy diffusivity of heat
(Ky (2)) and the wind profile (U (z)).

3 Results

Four UAAS deployments were performed at three locations
in the San Joaquin Valley where CH4 hotspots from dairy
farms were detected. During each deployment, the UAAS
measured vertical profiles of wind velocity and the mole frac-
tions of CH4 and CO, while ascending and descending dur-
ing periods of both variable and relatively stable wind con-
ditions, with each deployment lasting approximately 9 min.

https://doi.org/10.5194/amt-17-3883-2024
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Table 3. Calculation for animal units (AU) based on numbers and weights (Ib) of different animal classes reported in permit data obtained
from the California Regional Water Quality Control Board for the studied farm. The permits report that animals are Holsteins with a milk
production of 72 gallons per day.

AU
Animal class No. Weight AUP category
Milk cows 3115 14001b, 636 kg 1.4 4361
Dry cows 613 14501b, 659kg 1.45 889
Bred heifers 1645 9501b,432kg  0.95 1563
Heifers 7-14 months 600 6301b,286kg  0.63 378
Calves 1620 2501b?, 114kg  0.25 405
Total 7596

4 Assuming median weight for a 4-month-old Holstein calf as in the Penn State Extension
growth chart (https://extension.psu.edu/growth-charts-for-dairy-heifers#section-3, last

access: 31 March 2024). b 1 AU=10001b live weight.

All four sets of wind velocity and air composition pro-
files were evaluated using ground-based measurements. The
UAAS measurements and dispersion modeling were com-
bined to estimate the methane emissions from one of the
dairy farms.

3.1 Wind velocity profiles

The UAAS was found to reliably measure wind velocity
trends while vertically ascending and descending in both
variable and relatively stable wind conditions. The compar-
ison of UAAS and MET wind speed observations during
variable wind conditions resulted in an RMSE of 1.1 ms™!,
with the smallest error being observed while the UAAS as-
cended and descended near the surface (see Fig. 6a). The cor-
responding measurements of wind direction from the UAAS
and MET were in close agreement near the surface as well. In
relatively stable wind conditions, the RMSE between UAAS
and MET tower wind speed observations was equal to or less
than 0.5ms™! (see Fig. 6b, c, and d). Notable differences be-
tween UAAS and MET observations of wind direction were
observed only at the start of the third flight.

The UAAS may also have good performance measuring
wind speed while ascending vertically based on the evalua-
tion of UAAS and power-law wind speed profiles. As shown
in Fig. 7a, the uncertainty bands of the wind speed profiles
that were obtained from the ascent and descent UAAS opera-
tions and the power law overlapped up to 120 and 80 ma.g.1.,
respectively, in variable winds. In relatively stable wind con-
ditions, the uncertainty bands of the wind speed profiles ob-
tained from ascent and descent operation and the power law
overlapped up to 110 and 60 m a.g.1., respectively, as shown
in Fig. 7b. In both comparisons, the uncertainty band of each
power-law profile was computed using the standard devia-
tion of wind velocity surface measurements collected from
the 11 m MET tower.
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Figure 6. A comparison of UAAS (red) and MET (blue) observa-
tions of wind speed and wind direction.

3.2 CHg4 and CO; profiles

In addition to measuring wind velocity trends, the UAAS
measured the mole fractions of CH4 and CO; during both
variable and relatively stable wind conditions. As shown in
Fig. 9, the CH4 and CO; measurements from the UAAS and
those from the CRDS when sampling direct surface measure-
ments were in close agreement at both the start and end of
the first, second, and fourth UAAS flights, which is when
the UAAS and CRDS were closest to each other. During
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the third flight, as shown in Fig. 9c, only the UAAS and
CRDS measurements of CO, were found to overlap at both
the start and end of the UAAS operation. The UAAS and
CRDS measurements of CHy differed by 0.5 ppm at the start
of the UAAS flight, which may be due to the separation be-
tween the CRDS and UAAS during deployment. Despite the
measurement anomaly observed at the start of the flight, the
UAAS and CRDS measurements of CH4 were found to fol-
low more consistent trends throughout the remaining period
of operation.

3.3 AirCore characterization experiments

The UAAS was found to accurately resolve two spikes in
CH,4 that were 10s long based on results obtained from the
characterization experiments performed in a laboratory (see
Fig. 8). On the other hand, the UAAS was significantly less
accurate measuring two CHy spikes that were only 5 s long,
which is likely due to the UAAS having a slower time re-
sponse. However, the lesser performance of the UAAS for
measuring the spikes in CHy that were 5 s long may have an
insignificant effect on the overall reliability of CH4 and CO,
measurements. As shown in Table 4, the percent differences
between the area under the curve of UAAS and CRDS sig-
nals were found to be 20.2 and 16.2 when measuring CHy4
spikes that were 5 and 10 s long, respectively. From these re-
sults, we conclude that the UAAS has a spatial resolution of
5m while flying at a steady rate of 0.5ms™!.
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servations of CHy and CO;.

Table 4. The integrated CRDS and AirCore measurements.

CHy4 signal
5s  10s
CRDS (ppm) 1015 845
AirCore system (ppm) 810 980
Percent difference 202 162
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sured using the UAAS.

3.4 Wind velocity and air composition profiles

As shown in Fig. 10, the UAAS profiles of wind velocity and
air composition were found to capture the vertical and tem-
poral variations in CHy and CO; plumes that were measured
downwind of dairy farm operations. These observations were
useful for understanding how the enhancements of CH4 and
CO; varied in the lower atmosphere during periods of both
variable and relatively stable wind conditions.

During the first UAAS deployment, CH4 and CO; plumes
were observed close to the ground under variable wind condi-
tions. The observed enhancements of CH4 and CO, at low al-
titudes are likely due to UAAS operations taking place in the
morning when the boundary layer was shallow and there was
minimal vertical mixing. As shown in Fig. 10a, the UAAS
ascent measurements captured a 1.5 ppm CH,4 enhancement
near the ground and up to 60 ma.g.l. A CO;, enhancement of
approximately 220 ppm was observed to extend from 15 to
25ma.g.]l. The winds during the ascent fluctuated between
1 and 3ms~! from the south, shifting eastward above a
height of 117 ma.g.l. The descent measurements captured a
0.7 ppm enhancement of CH4 extending from the ground up
to 30 ma.g.l. The winds during the UAAS descent varied be-
tween 0.5 and 3 ms~! while the wind direction rotated from
the east to the south and from the south to the north. CHy
and CO, mole fractions were relatively constant at heights
greater than 60 ma.g.1l. during the ascent and descent, indi-
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cating local background levels above the height of the dairy
farm’s emission plume.

The second UAAS deployment captured a methane plume
moving upward during a period of turbulent conditions
and relatively constant winds. As shown in Fig. 10b, CHy
mole fraction enhancements greater than 1ppm were ob-
served both at the start and end of the UAAS ascent. South-
southwesterly winds were observed to gradually increase
from 1.5 to 3ms~! during this period. UAAS descent mea-
surements show the mole fraction enhancement of CHy to
gradually double from 1.4 to 2.8 ppm before decreasing again
as south-southwesterly winds persisted. The enhancements
of CO;, on the other hand, were insignificant during the
UAAS ascent and descent. The observed differences between
the ascent and descent measurements of CH, provide insight
into the dynamic nature of plumes in well-mixed afternoon
conditions driven by atmospheric turbulence, which is diffi-
cult to obtain using ground-based sensing techniques alone.

The third deployment showed an elevated CH4 plume un-
der constant wind conditions. As shown in Fig. 10c, the CHy
mole fraction was observed to increase from approximately
2.6 to 6 ppm during both the ascent and descent, showing
the CH4 plume to vary less significantly with time. The mole
fraction enhancements of CO, were greater than 50 ppm only
below 40ma.g.l. during the descent. Southwesterly winds
were observed to gradually increase as the height increased
from 1 to 2.5ms~! during both the ascent and descent.

The fourth deployment captured consistent CH4 enhance-
ments downwind of a dairy farm extending from the sur-
face up to 80 ma.g.l., with a marked drop in enhancements
above 100m (see Fig. 10d). CH4 mole fraction enhance-
ments of 1.7 and 1.5 ppm were observed up to heights of 75
and 80ma.g.l. during the ascent and descent, respectively.
The mole fraction of CO, was observed to increase briefly
from 480 to 620 ppm at a height of 40 m a.g.1. before return-
ing to a constant value of 480 ppm for the remainder of the
UAAS operation. Southeasterly winds varying between 1.5
and 3 ms~! persisted during both the ascent and descent. The
similarity between the ascent and descent profiles measured
during the fourth deployment is not surprising for the stable
atmospheric conditions expected an hour before sunset.

3.5 CHy detection and quantification

The vertical profiles of wind velocity and CH4 that were
collected from the UAAS operation performed on 20 Jan-
uary 2020 were used as inputs for the dispersion model de-
scribed in Sect. 2.6.2 to quantify CHy4 emissions from an iso-
lated dairy farm. We selected this set of measurements for
two key reasons: (1) the wind conditions during the UAAS
operation shifted from south to north, making it possible to
obtain upwind and downwind CH4 measurements from a sin-
gle flight, and (2) the UAAS was able to fly high enough
to measure the height of the CH4 plume and the CHy back-
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Figure 11. A satellite image from MathWorks® overlaid with the
footprint map obtained from the dispersion model. The white star
shows the location of the UAAS operation and the white rectan-
gle shows the location of the upwind dairy farm. The black vector
shows the prevailing meteorological wind direction measured dur-
ing the ascent of the UAAS operation. The color bar units are in
ppm per unit of emission.

ground (the latter was determined from the air sample col-
lected 120 ma.g.1.).

To detect CH4 emissions from the nearby dairy farm,
UAAS measurements of wind speed and wind direction were
used with the dispersion model to generate a footprint map
of CHy emissions. As shown in Fig. 11, the dairy farm opera-
tion, which is denoted by a white rectangle, is well within the
area having the highest contribution to the CH4 mole fraction
measured at the receptor (i.e., the UAAS). After generating
a footprint map, UAAS profiles of wind velocity and CHy4
were used as dispersion modeling inputs to compute dairy
farm emission estimates. Results from this analysis show that
whole-farm emissions for this dairy farm were on average
226kgh™!, with a lower limit of 140kgh~! and an upper
limit of 277 kgh~!.

4 Discussion

Four UAAS deployments were successfully performed in the
San Joaquin Valley to measure vertical profiles of wind ve-
locity and the mole fractions of CH4 and CO, downwind
of dairy farm operations. We evaluated the reliability of the
UAAS measurements using ground-based MET and CRDS
observations. We also used the UAAS measurements of wind
velocity and air composition to evaluate the enhancements
of CH4 and CO; during periods of both variable and rela-
tively steady wind conditions. Lastly, we combined UAAS

Atmos. Meas. Tech., 17, 3883-3895, 2024

Z. Zhu et al.: Greenhouse gas emissions

measurements and dispersion modeling as part of a use case
study to determine the utility of UAAS datasets for detecting
and quantifying CH4 emissions from a dairy farm operation.
From this single use case that met the requirements of emis-
sion estimation (i.e., observation of an isolated plume down-
wind of a nearby dairy farm where the farm falls entirely
within the footprint of the observation and background CHy
levels are also measured), we estimated facility emissions
of 5430kgd~! (with a range of 3370-6660kgd~!). This
range overlaps with the yearly estimated methane emissions
for this particular farm of 3950kg d~!, assuming emissions
are evenly spaced over the course of a year, from a model
that accounts for the number of cows and manure manage-
ment practices (Marklein et al., 2021). After normalizing for
herd size, our estimated emissions of 714 g AU™! d~! (range
of 444-876) are similar to those measured in wintertime at
another California dairy farm with comparable management
practices, i.e., 752 g AU~ d~! (range of 700-803) (Arndt et
al., 2018).

We found the UAAS to provide reliable measurements of
wind speed and wind direction in both variable and relatively
steady wind conditions. During variable wind conditions, the
UAAS and MET observations of wind speed and wind di-
rection were consistent when the height difference between
the two systems was less than 50 m. More significant dif-
ferences observed aloft between the UAAS and wind speeds
derived from power-law analysis of MET observations were
likely due to wind shear. During periods of relatively stable
wind conditions, the UAAS and MET observations of wind
speed and wind direction were consistent up to heights of 60—
80ma.g.l. However, a more thorough comparison of UAAS
and ground-based wind observations is required to assess if
the wind speed errors observed aloft are the result of extrap-
olation errors associated with the wind profile power law and
to determine the full range of wind conditions for which the
wind estimation scheme used to infer wind velocity is reli-
able. Overall, we expect the wind speed estimation errors to
increase as wind conditions intensify since the tilt range of
the aircraft is reduced by the added payload weight.

In addition to providing observations of wind velocity, the
UAAS was effective in measuring the mole fractions of CHy
and COy in the lower atmosphere. UAAS and ground-level
CRDS measurements of CHy and CO; were in close agree-
ment when the UAAS operated near the surface while both
ascending and descending in variable and relatively steady
wind conditions. Results from the laboratory AirCore char-
acterization experiment also demonstrated that the UAAS
can accurately resolve CHy variations occurring over a pe-
riod of 10s or longer. Resolving variations at the 10s scale
is important for both reducing the uncertainty in CH4 and
CO» emission estimates and extending the spatial coverage
of UAAS operations. Furthermore, we found that the smear-
ing effects produced by fast CHy4 variations led only to a 5 %
difference in the area under the curve of the 5 and 10s long
CHy signals. The latter finding suggests that smearing effects
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may only have a small impact on the accuracy of CH4 and
CO; column measurements.

Future work will address a number of limitations that were
encountered while validating UAAS wind velocity measure-
ments. First, UAAS flight operations will be conducted next
to conventional in situ and remote wind sensors (e.g., mast
towers and lidar instruments) to better characterize the uncer-
tainty in UAAS wind estimates. More sophisticated dynamic
models will also be explored as a means to increase the accu-
racy of wind estimates, both ascending vertically and mov-
ing laterally. Previous studies have shown that dynamic mod-
els can render higher-fidelity wind estimates from the mo-
tion of SUASs (Gonzdlez-Rocha et al., 2019, 2020). Higher-
fidelity measurements of wind velocity and mole fraction
measurements obtained from both lateral and vertical profiles
will likely lead to improved emission estimates. Combined
with vertical profiles, lateral measurements of wind velocity
and the CH4 mole fraction can help determine the horizon-
tal spread of CH4 plumes, providing a more robust low-cost
method for quantifying emissions fluxes from dairy farms.

Findings from the use case study show that combining
UAAS measurements and dispersion modeling can help to
detect and quantify CH4 emission from large source areas.
The region of the footprint map with the highest CH4 sen-
sitivity was found to overlap with the location of the down-
wind dairy farm. In addition to aiding in the detection of large
emission sources, UAAS measurements and dispersion mod-
eling can provide emission estimates in just hours. In addi-
tion to the system design issues that can be improved, these
flights provide guidance for the meteorological conditions
and spatial considerations for CH4 emission estimation. For
example, the comparison of all four sets of profiles shown
in Fig. 9 suggests that measurement conditions are most fa-
vorable in the morning when the UAAS can fly well above
the height of the planetary boundary layer and before the re-
gional signals get mixed.

Overall, we found the UAAS to be a promising low-cost
solution for detecting and quantifying greenhouse gas emis-
sions from dairy farm operations. Leveraged with a ground-
based mobile laboratory, the UAAS can be deployed at sites
where greenhouse gas hotspots are prevalent (provided that
airspace access is available). The UAAS measurements of
wind velocity and air composition are useful for under-
standing how CH4 and CO; enhancements vary with height
and time, providing higher-resolution observations for mon-
itoring lofted plumes. Combined with dispersion modeling,
UAAS measurements are also useful for detecting and quan-
tifying greenhouse gas emissions from dairy farms. Further-
more, the extension of UAAS capabilities to measure hor-
izontal transects of wind velocity and air composition can
help characterize the spatial heterogeneity of large emis-
sion sources. This capability can provide a new paradigm
for improving bottom-up estimates of greenhouse gas emis-
sions from dairy farm operations and other important sources
such as waste landfills, gas and oil fields, and wetlands. Ul-
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timately, more reliable bottom-up estimates of greenhouse
gases will lead to more effective mitigation strategies.

5 Conclusions

We developed and deployed a multirotor uncrewed aircraft
and AirCore system to measure vertical profiles of wind ve-
locity and the mole fractions of CH4 and CO, downwind
of dairy farm operations in the San Joaquin Valley of Cali-
fornia. Results from field and laboratory performance eval-
uations show that the UAAS can reliably measure vertical
profiles of wind velocity and the mole fractions of CH4 and
CO,. Integrated with ground-based mobile sampling strate-
gies, UAAS measurement capabilities can increase the ver-
tical resolution of wind velocity and air composition obser-
vations in the lower atmosphere, especially in areas where
it is difficult to utilize conventional in situ and remote sens-
ing technologies. Leveraging UAAS and dispersion model-
ing capabilities can also help detect and quantify greenhouse
gas emissions from large area sources. Overall, our findings
support further development of UAAS as a low-cost solution
to detect and quantify greenhouse gas emissions.
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